Abstract The 2008-2013 eruption of Chaitén Volcano (Chile) was a long-lasting eruption whose climactic phase (May 6, 2008) produced a sub-Plinian plume, with height ranging between 14 and 20 km that dispersed to the NE, reaching the Atlantic coast of Argentina. The erupted material was mainly of lithic origin (∼77 wt%), resulting in a unimodal total grain size distribution (TGSD) dominated by coarse ash (77 wt%), with Md ϕ of 2.7 and σ ϕ of 2.4. Lapilli clasts (>2 mm) dominate the proximal deposit within~20 km of the vent, while coarse (63 μm-2 mm) and fine ash (<63 μm) sedimented as far as 800 km from vent, generating mostly poly-modal grain size distributions across the entire deposit. Given that most of the mass is sedimented in proximal areas, results show that possible contributions of later explosive events to the thickness of the distal deposit where layers are less distinguishable (>400 km) do not significantly affect the determination of the TGSD. In contrast, gaps in data sampling in the medial deposit (in particular the gap between 50 and 350 km from vent that coincides with shifts in sedimentation regimes) have large impacts on estimates of TGSD. Particle number distribution for this deposit is characterized by a high power-law exponent (3.0) following a trend very similar to the vesicle size distribution in the juvenile pyroclasts. Although this could be taken to indicate a bubble-driven fragmentation process, we suggest that fragmentation was more likely the result of a shear-driven process because of the predominance of non-vesicular products (lithics and obsidians) and the large fraction of coarse ash in the TGSD.
Introduction
Volcanic explosive eruptions inject large amounts of pyroclastic material into the atmosphere, which is widely dispersed downwind from the volcano. The physical characteristics of the tephra and of the associated deposits are closely related to the characteristics of volcanic eruptions that produced them (e.g. magnitude and style of the eruption, plume dynamics and rise, conduit dynamics and magma fragmentation). Therefore, a detailed study of individual pyroclasts and associated deposits can provide critical insights into volcanic processes and can inform forecasts of future eruptions (Houghton and Wilson 1989; Cashman and Mangan 1994; Costantini et al. 2010; Alfano et al. 2011a Alfano et al. , 2012 Rust and Cashman 2011) .
Volcanic particles originate from the fragmentation of fresh magma (juvenile clasts) and are typically ejected from the Editorial responsibility: J. Taddeucci
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eruptive vent together with lithic clasts, resulting from the disruption of conduit and/or crater walls (Cas and Wright 1988) . All clasts are injected into the atmosphere and are transported laterally under the action of the spreading cloud and the prevailing winds, and eventually sediment on the ground. Fallout processes mostly depend on particle size, with the largest particles sedimenting rapidly, and the smallest particles remaining suspended in the atmosphere for longer time periods and sedimenting up to several hundreds of kilometres from the vent Alfano et al. 2011a; Durant et al. 2012) . As a result, the character of tephra deposits varies significantly with the distance from the vent, as a function of plume height and wind patterns (Walker 1971; Carey and Sparks 1986; Pyle 1989) .
Ideally, the grain size distribution (GSD) of a tephra sample can be described using a log-normal function characterized by a median, which represents the median diameter of particles comprising the grain size distribution (Md ϕ ), and a sorting value (σ ϕ ), which describes the dispersion of the distribution from the Md ϕ (Inman 1952) . GSDs are often more complex than implied by these two parameters, presenting multiple modes and skewed distributions. These complexities arise from a broad range of processes, including size-selective sedimentation processes (e.g. particle aggregation, convective instabilities; Carey and Sigurdsson 1982; Durant et al. 2009; Manzella et al. 2015) , different density distributions of pyroclasts of different origins (i.e. lithics vs juvenile), and/or additional fragmentation (e.g. comminution in pyroclastic density currents, PDCs) and sedimentation processes (e.g. co-PDC plumes) (Eychenne et al. , 2015 Watt et al. 2015) . As a result, the dynamics of volcanic eruptions and fragmentation processes can only be fully understood in terms of the total grain size distribution (TGSD) of tephra deposits, which is typically difficult to characterize. TGSD also represents a critical eruption source parameter necessary for accurate numerical simulations of eruption forecasting (Mastin et al. 2009; Folch 2012) , and, therefore, systematic sensitivity analysis of its determination and representativeness are essential (e.g. Volentik et al. 2010; Durant et al. 2012; Bonadonna et al. 2015; Tsunematsu and Bonadonna 2015; Costa et al. 2016) .
The determination of TGSD requires a combination of detailed and widespread sampling of the deposit and dedicated statistical strategies for the averaging of individual GSD analysis that can deal with the non-uniform distribution of measurement sites (e.g. Voronoi tessellation ). TGSDs are often characterized by complex functions, resulting from the combination of two or more subpopulations associated with multiple fragmentation processes and/or the fragmentation of heterogeneous material (Kaminski and Jaupart 1998; Volentik et al. 2010; Rust and Cashman 2011; Dufek et al. 2012; Bonadonna et al. 2015; Eychenne et al. 2015) . Numerous theoretical and experimental studies have shown how the fragmentation process can be described by fractal fragmentation theory, which approximates the TGSD of the deposit using power-law functions (Turcotte 1986; Kueppers et al. 2006b; Perugini and Kueppers 2012; Costa et al. 2016) . In this approach, the slope of the trend (as plotted on a log-log plot) represents the fractal dimension of the deposit, and the fractal dimension increases with the potential energy of the fragmentation process (Perugini and Kueppers 2012) .
In this work we provide a further characterization of the climactic phase of the 2008-2013 eruption of Chaitén Volcano of May 6, 2008 (Folch et al. 2008; Watt et al. 2009; Alfano et al. 2011b) , which largely affected populations and economic activities as far away as the coast of Argentina, 600-800 km from the volcano. The long duration, the broad footprint of tephra dispersal, the widespread impact on surrounding communities and critical infrastructures (Wilson et al. 2012) , and the rhyolitic composition of the magma make this eruption of particular interest. Prior attempts to reconstruct TGSD of the Chaitén eruption used only distal data (e.g. Watt et al. 2009; Durant et al. 2012; Osores et al. 2013) . In this work, we present a characterization of GSD and componentry observed in the proximal area (up to 20 km away from the vent) and combine them with the characteristics of the distal deposit presented by Watt et al. (2009) . Our final goal is to reconstruct a TGSD that is representative of the entire deposit originating from the May 6, 2008 explosive phase of the [2008] [2009] [2010] [2011] [2012] [2013] Chaitén eruption and to provide insights into the fragmentation processes during this event based on fractal analysis.
The 2008-2013 eruption of Chaitén Volcano (Chile)
The eruption of Chaitén Volcano on May 2008 interrupted a 400-year period of quiescence (Watt et al. 2011; Amigo et al. 2013; Lara et al. 2013) . The volcano was not monitored and generally considered inactive, so sparse geophysical data are available, the only exception being the seismic data recorded by the regional network. These seismic data do not provide detailed information about the onset of the eruption and the very first period of activity, when most explosive phases occurred (Carn et al. 2009; Lara 2009; Alfano et al. 2011b) . As a result, most of the information about this eruption comes from remote sensing retrievals (Carn et al. 2009; Watt et al. 2009 ) and field observations of the volcanic deposit and products (Castro and Dingwell 2009; Martin et al. 2009; Watt et al. 2009; Alfano et al. 2011b Alfano et al. , 2012 Durant et al. 2012; Lara et al. 2013; Major et al. 2013; Pierson et al. 2013) .
The eruption started during the night between May 1 and May 2, 2008, producing a first explosive phase during which about 0.5 km 3 of pyroclastic products were erupted and dispersed over a wide area, reaching the Atlantic coast of Argentina Alfano et al. 2011b; Durant et al. 2012) . This variably explosive phase lasted for approximately 10 days, with a climax on May 6th, when a subPlinian explosive phase produced a 18-20-km high, darkgrey sustained plume (based on remote sensing; Carn et al. 2009 ) that deposited a tephra layer of about 0.3 km 3 NE of the vent (Alfano et al. 2011b) . Geophysical observation indicate that on May 12th the extrusion of a new rhyolitic dome started, ending the initial explosive phase of the eruption (Lara 2009; Alfano et al. 2011b) . The proximal deposit consists of a complex sequence of individual layers with grain size ranging from lapilli to ash, and occasional large bombsized pumices. The upper layers are typically up to a few centimetres thick and are often discontinuous and cannot be followed throughout the entire deposit. In contrast, the tephra deposit associated with the climactic event of May 6, 2008 (layer β, Alfano et al. 2011b) , which is at the base of the stratigraphic sequence, is a massive lapilli-clast layer with thickness up to 17 cm (~5 km from the vent). Tephra samples of layer β include three main components that were identified in previous studies of this eruptive event (Castro and Dingwell 2009; Alfano et al. 2011b Alfano et al. , 2012 Castro et al. 2012) . The most frequent component is represented by grey blocky and foliated clasts, poorly vesicular, finely crystalline and occasionally with a reddish colour due to alteration. These clasts are rhyolitic and interpreted as lithic material derived from disruption of the pre-existing lava dome (Alfano et al. 2011b (Alfano et al. , 2012 . The second and third components, which account for smaller proportions of the deposit compared to the lithic fraction, are represented by non-altered obsidian fragments and highly vesicular, aphyric, sub-angular pumices (Castro and Dingwell 2009; Alfano et al. 2011b Alfano et al. , 2012 Castro et al. 2012) . These two components are interpreted as juvenile products, as they have similar rhyolitic composition (i.e. 74.18 and 74.11 SiO 2 wt% for pumices and obsidians, respectively; Alfano et al. 2011b) . Field evidence indicates that these two components were erupted simultaneously (Castro et al. 2012) .
The climactic explosive event of May 6th was characterized by the rapid rise and the violent fragmentation of a volatile-rich magma batch triggered by a sudden decrease of pressure (10 MPa s −1 ) associated with the failure of the preexisting obsidian dome (Alfano et al. 2012) . The second phase of the eruption was characterized by the extrusion of an obsidian dome and episodic small Vulcanian explosions with associated plumes and PDCs (Alfano et al. 2011b; Major et al. 2013) .
The products of the first phase of the explosive activity were mainly deposited in Argentina, to the east of the volcano, between May 1 and May 13. This phase was characterized by several explosive events, producing plumes with height above 10 km. Watt et al. (2009) identified a SE lobe, correlated with the activity between May 1 and May 5, and a NE lobe correlated with the activity of May 6 Alfano et al. 2011b ). However, several eruptive events (May 2, 7, 8 and 10) produced fallout sedimentation in the same area as the May 6th explosion Watt et al. 2009; Osores et al. 2013) . After May 13, activity shifted to a less explosive style, events became less intense and produced smaller plumes (<10 km high) that left no significant deposits in Argentina ).
Methodology
Deposit characterization, componentry, grain size and particle density
The proximal tephra samples of the May 6th climactic phase of the 2008-2013 Chaitén eruption (layer β; Alfano et al. 2011b) were collected between 3 and 20 km from the vent in January 2009 (Fig. 1) . Grain size and componentry analysis were partly carried out in situ (down to 8 mm diameter), and partly in the laboratory, using an optical stereoscopic microscope (on grain size between 2 and 0.5 mm) and a SEM (JEOL JSM7001F) on grain size smaller than 0.5 mm at the University of Geneva.
Grain size analyses were conducted by dry sieving down to 0.5 mm (ϕ = 1) for 22 samples separating the products in full ϕ classes (−log 2 of particle diameter in mm). The coarse fraction (i.e. diameter ≥8 mm; ≤ −3ϕ) was sieved in situ in order to reduce the possible breakage of coarse clasts, modifying the original GSD. The size fraction >0ϕ (i.e. diameter <0.5 mm) was analysed using a laser diffraction grain sizer (CILAS 1180; http://www.cilas.com/) down to 10ϕ (i.e. 1 μm). The combination of the dry sieving analyses and laser diffraction analyses was carried out as described by . The GSD measured through laser diffraction, expressed in volume %, was converted into mass % using the density of particles in each grain size class. The variation of particle density with grain size was determined using a high precision water pycnometer (Fig. 2) . These analyses were carried out on ash samples with particle sizes between 2 mm and 250 μm, following the methodology described by . The lowest grain size limit for density analysis was imposed by the scarce fraction of fine ash in the samples; the density of particles smaller than 250 μm was assumed constant due to their low and homogeneous vesicularity (Bonadonna and Phillips 2003; Alfano et al. 2011a ). The resulting mass distribution was then scaled to the mass fraction of the size class analysed (<0.5 mm), obtaining the final GSD of each analysed sample. Results were analysed using KWare SFT 2.22.0170 1 (Wohletz et al. 1989 ) to determine median and sorting coefficient (i.e. Md ϕ and σ ϕ ; Inman 1952) and deconvolved to identify sub-populations and their relative proportions. GSD analysis was carried out by deconvolving the distribution using log-normal functions, following the procedure of Wohletz et al. (1989) May 6th lobe May 3rd-5th lobe Fig. 1 parameters of the samples of the distal deposit ). Componentry was determined for 11 samples located along the dispersal axis (cf., Fig. 1 ) to a distance of~20 km by hand-picking individual clasts down to 0.5 mm. More than 75 wt% of the whole sample was processed in each case.
Total grain size distribution
TGSD was determined by applying the Voronoi tessellation method on the combined dataset of Alfano et al. (2011b) and Watt et al. (2009) using a dedicated MATLAB code (Biass and Bonadonna 2014) and assuming that the isoline of zero mass corresponded to the 0.1 mm isopach Alfano et al. 2011b ). However, the combination of the two datasets does not produce uniform coverage of the fallout deposit. In fact, GSD data are missing for three relatively large sectors: a medial area (Z1, 20-140 km from the vent), a medial/distal area (Z2, 260-380 km from the vent) and a distal area (Z3, 570-770 km from the vent). In order to assess the representativeness of the resulting TGSD, selected synthetic GSD data were extrapolated based on observed features of proximal and distal deposits and added to the total dataset before application of the Voronoi tessellation strategy, following a similar approach introduced by Bonadonna et al. (2015) for the tephra deposit associated with the 2011 Cordón Caulle eruption. The extrapolation was based on the estimation of Md ϕ and σ ϕ , and the fractions of lapilli (X l ; 64 mm > d > 2 mm), coarse (X c ; 2 mm > d > 64 μm) and fine (X f ; <64 μm) ash at specific locations. First, thematic maps describing the variation of Md ϕ , X l , X c and X f through the deposit were compiled; σ ϕ is nearly constant for all samples (i.e. standard deviation of the σ ϕ values is 0.4). Therefore, we considered σ ϕ to be constant for the entire deposit and equal to 1.7ϕ (average of the σ ϕ of all GSD). Second, the extrapolated values of Md ϕ , X l , X c and X f were used to determine a synthetic GSD at the selected locations. Sensitivity analyses were also carried out to estimate the number of synthetic points required to obtain stable results, and to assess the relative influence of different portions of the deposit (i.e. Z1, Z2, Z3 and Z1+ Z2) on the TGSD determination (details on the synthetic GSD determination and sensitivity analysis are described in the appendix). Finally, in order to assess the potential contribution of later explosive events to the distal tephra deposit associated with the Chaitén climactic phase, TGSD was also calculated reducing the mass load measured at distances >150 km from the vent (i.e. for all measurement sites beyond the proximal region) to 80 and 60 % of their original value. This is justified by examination of GSD in the distal 6th May deposit, which shows clear bimodality, with a dominant coarse mode assumed to represent the 6th May deposit (accounting for 50-80 % of the deposit at individual sites) and a finer mode which may partly reflect deposition of tephra from additional explosive phases (e.g. phases on May 2 and May 8; Fig. 3 ). As a result, eight distinct datasets were compiled and used to calculate the TGSD (Table 1) .
Determination of particle number distribution
Particle number distribution (PND) was assessed to obtain insights into the fragmentation process (Turcotte 1986; Kaminski and Jaupart 1998; Kueppers et al. 2006a, b; Rust and Cashman 2011; Perugini and Kueppers 2012 ) using the method described by Kaminski and Jaupart (1998) . The number of particles of a given grain size class (N ϕ ) is the ratio between its mass (M ϕ ) and the mass of the average fragment representing that class (m ϕ ):
where M is the total mass and C ϕ is the fraction % of the ϕ grain size class; the value of m ϕ was determined by multiplying the volume (V ϕ ) of the average fragment (assumed to be a sphere with diameter equal to the mid-interval between two grain size classes) and the average fragment density (ρ). PND was determined for individual samples (GSD-PND) and for the total deposit (TGSD-PND). GSD-PND cannot be calculated following Eq. 1 because a value of total mass for an individual sample is not easy to define. Therefore, GSD-PND was calculated as the number of particles included in 1 m 3 of sample. The associated mass was obtained multiplying the unit volume by the density of the deposit (i.e. 1250 kg/m 3 for the proximal area (Alfano et al. 2011b) and 997 kg/m 3 for the distal area ). As the mass of a unit volume is known, GSD-PNDs can be obtained following Eq. 1. The resulting GSD-PND trends were then combined using a convolution approach to estimate a PND referenced to the entire deposit (Conv-PND). This methodology calculates the average N ϕ of individual samples. For lapilli clasts, with grain size between 1ϕ and −6ϕ (2-64 mm), only the samples in the proximal deposit were considered; for fine ash, with grain size >4ϕ (<63 μm), only the samples of the distal deposit were considered; for coarse ash, with grain size between 1ϕ and 4ϕ (2 mm-63 μm), samples of the proximal and distal deposit were both considered. The resulting convolution was then multiplied by the total volume of the deposit (1.8 × 10 −1 km 3 ; Alfano et al. 2011b ) to obtain the distribution of the total number of particles and compare it with the PND derived from the Voronoi TGSD. TGSD-PND was calculated considering a total mass equal to 2.3 × 10 11 kg (obtained by multiplying the total volume by the deposit density; Alfano et al. 2011b ) and the TGSD obtained using the Voronoi method. As a result, the Conv-PND and TGSD-PND both represent the absolute number of particles of a given grain size class in the entire tephra deposit. GSD-PND, Conv-PND and TGSD-PND were plotted on a log-log plot of the number of particles against the equivalent particle diameter and fitted with a power-law function to determine the relative exponent describing the distribution (Kaminski and Jaupart 1998; Kueppers et al. 2006a; Perugini and Kueppers 2012) .
Results

Characterization of the tephra deposit
The componentry characteristics of the fine ash fraction was qualitatively analysed based on SEM images (Fig. 3) . We found the fine fraction in the samples is mainly composed of poorly vesicular blocky grains. Due to the fine of this material, it is difficult to discriminate between components in all cases, but the angular nature, low to absent vesicularity and finely crystalline nature of many clasts suggests that the lithic component makes up a major proportion of these samples. Vesicular clasts are also frequent, but in most cases these clasts are sparsely vesicular. Highly vesicular pumice clasts are rare. Fine glass fragments, likely originating from bubble wall disruption, and sometimes with star-shaped morphology, are common and likely represent glass formed in the interstices of bubbles. This latter set of clasts is interpreted as representing juvenile components. In the distal deposit (i.e. all measurement sites in Argentina; Fig. 3 ), individual layers, corresponding to the proximal stratigraphy, were not observable. However, deposits derived from individual explosive phases can be inferred by comparing the lobate deposit distribution with satellite imagery of the transport direction of individual explosive phases (Fig. 3a) . This demonstrates that the northerly lobe of the deposit results from the 6th May explosion, with possible additional contributions from the May 2nd and May 8th explosive phases. Assuming that our interpretation of layer β as the proximal 6th May deposit is correct, then we can combine grain size information from the distal northern lobe with the proximal layer β, to derive a total grain size distribution for the 6th May event.
The nature of the distal 6th May deposit is best considered by comparison with additional lobes in the distal deposit. Figure 3b compares the grain size distributions at a distance of~150 km between the 3rd, 2nd/5th and 6th May lobes. The unimodality of the 3rd and 2nd/5th May deposits, with a mode at~4 phi, contrasts strongly with the bimodal 6th May deposit, with a narrow, coarser mode at 1.5 phi. The 6th May sample has a secondary mode at~4 phi, and it is plausible that this subpopulation represents deposits from the 2nd or 8th of May. In this interpretation, the 6th of May event deposited the narrow coarse mode. This represents by far the coarsest ash observed in the Argentinean sample set, and supports our interpretation of this material being derived from the 6th May explosion, which was the most powerful stage of the eruption. Building on this interpretation, we consider the grain size distribution of samples further downwind in the northerly lobe. Again, samples can be characterised by two sub-populations, and we attribute the coarsest sub-population to the 6th of May event, which indicates rapid fining of this deposit in a down-wind direction (Fig. 3c) . Some of the finer sub-populations within this part of the tephra deposit may also originate from the 6th May plume (e.g. via aggregation processes), but we cannot discard an origin from other phases of the eruption (e.g. May 2nd or 8th). No direct evidence of particle aggregation was observed within the deposit itself ).
SEM images of ash from the different eruption lobes show similar morphologies and vesicularity patterns across all parts of the distal deposit (Fig. 3d) . The 6th of May deposit at site 06-16 (150 km from the vent) shows that the coarse mode comprises angular, dense to sparsely vesicular fragments, Fig. 3d ). Although sparsely to moderately vesicular particles are common, highly vesicular pumice clasts are uncommon, although they do occur as a minor component in all samples ). It is harder to determine the nature of the finer fractions, which have an angular morphology that in some cases is consistent with bubble-driven fragmentation, but may also plausibly be produced by other fragmentation processes. In general, the observations of distal ash morphologies support the proximal observations of a predominance of relatively dense (i.e. non-to sparsely vesicular) clasts over the highly vesicular pumice component within the deposit. The analysis of the density of the juvenile products of layer β (i.e. pumices, obsidian and density of the solid fraction obtained by analysing powdered pumices) was carried out by Alfano et al. (2012) . Here, we completed the density analysis for the fine fraction. The dense rock equivalent (DRE) density of the juvenile products is equal to 2240 ± 14 kg/m 3 , very close to the DRE density of the obsidian fragments (2270 ± 30 kg/m 3 ), whereas the density of pumice clasts (determined on individual clasts with diameter >4 cm) is 700 ± 160 kg/m 3 (Alfano et al. 2012) . Density of bulk samples, for particles in the size range between 2 mm and 250 μm, was found almost constant. Density values vary between 1960 ± 270 kg/m 3 (for particles with diameter between 250 and 360 μm) and 2280 ± 25 kg/m 3 (for particles with diameter between 1 and 2 mm) (Fig. 2) . Although it would be expected for larger clasts to show lower density values than the finer, the difference in the measurements is smaller than their uncertainty, and therefore it is safe to assume that the density has a small, perhaps insignificant, variation with grain size. We assume a particle density of 2140 ± 170 kg/m 3 , which is the average of the density measured throughout the entire grain size interval.
Grain size distribution and componentry
GSD of individual samples of the May 6th proximal deposit is complex, mostly showing poly-modality (Fig. 4) . GSDs are characterized by a main sub-population with a mode between 1.0ϕ and −2.7ϕ (0.5-6.5 mm), and a relatively small standard deviation (1-2ϕ). This sub-population accounts for >71 wt% of the unit. The remainder can be divided into two additional subpopulations: a coarse sub-population, which represents about 20 wt% of the samples that consists of particles in the size range between −5.3ϕ and 0.8ϕ with a small standard deviation (~1ϕ); and a fine sub-population, which represents up to 8 wt% of the samples that consists of particles in the range 0.6ϕ to 6.5ϕ, with a larger standard deviation (1-4ϕ). Samples F23 and F24 are the exception, for which the fine sub-population represents 20 and 28 wt% of the whole sample, respectively.
Componentry analyses show a dominance of the lithic fraction representing 76.6 ± 3.4 % of the whole sample (Fig. 4) ; the juvenile fraction represents 23.4 ± 3.4 %, being roughly equally divided between obsidian fragments (51.8 ± 9.3 %) and pumices (48.2 ± 9.3 %). We can infer that most of tephra in the proximal deposit is not vesicular (lithics and obsidian fragments being 88.6 ± 3.3 % in mass). The vesicular fraction, represented by pumices, is estimated to be about 11.4 ± 3.3 %. As a result, aforementioned sub-populations include particles of all identified componentry categories, and therefore are not simply related to grain density.
Md ϕ and σ ϕ of the proximal deposit have been plotted with respect to distance from the vent and compared with the values of the distal deposit from Watt et al. (2009) (Fig. 5) . This plot shows the sampling gap in the medial area (~20-120 km from the vent; Fig. 5a ). Md ϕ decreases with distance from vent following a power-law trend, varying between −2.7ϕ and 1.0ϕ, in the proximal area, and 1.7ϕ and 5.0ϕ, in the distal area (Fig. 5a) ; σ ϕ remains roughly constant, with average value of 1.7 ± 0.4 (Fig. 5b) . Md ϕ and σ ϕ plot consistently in the field of fallout deposits (Fig. 5b) . The coarse subpopulation mode falls in proximity of the main population (bulk) Md ϕ , but is better sorted. The fine sub-population shows similar grain size characteristics of the distal ash but falls partially outside of the top-right limit of the fallout domain suggested by Walker (1971) (Fig. 5b) .
Total grain size distribution
Figures 6 and 7 show the grain size variation of the proximal and distal tephra deposit, respectively, in terms of Md ϕ and fraction of lapilli, coarse ash and fine ash. The proximal deposit is coarse (i.e. Md ϕ <1; Fig. 6a Fig. 8b ). Therefore, no lapilli are expected to be observed in the medial area. Coarse ash is distributed through the entire deposit, having a very rapid decay in the proximal area up to about 48 km from the vent (break-in-slope in Fig. 8c) , and decaying very gradually in the distal area (regression lines: y = 94 e −0.081x , R 2 = 0.99; y = 2 e −0.004x , R 2 = 0.99). Finally, fine ash is dispersed mainly in the distal area and is characterized by an exponential decay trend that follows the decay trend of coarse ash (regression line: y = 2.5 e −0.004x , R 2 = 0.97; Fig. 8d ). As mentioned above, the TGSD was reconstructed both for the original dataset (dataset A) and for additional datasets including various synthetic points coinciding with sampling gaps in the medial deposit (datasets B to F) and various reductions of mass/area values associated with the distal deposits to account for possible contribution of later explosive events (datasets G and H) (Fig. 9 and Appendix). The TGSD associated with datasets A (original dataset) and B (accounting for data interpolation within sampling gaps) show significant differences (Fig. 9b) . Dataset A (Md ϕ = 3.6; σ ϕ = 2.5) results in a strongly bimodal TGSD, with similar fraction of coarse (49 %) and fine (41 wt%) ash, and a minor amount of lapilli (10 wt%). The bimodality becomes less pronounced in the TGSD of dataset B, which is also slightly coarser (Md ϕ = 2.6; σ ϕ = 2.5; Fig. 10 ). In fact, the fraction of coarse ash is higher (62 wt%), while the fraction of both fine ash and lapilli is lower (29 and 9 wt%, respectively).
In order to assess the effect of the addition of synthetic points, TGSD was also calculated for reduced datasets and compared with dataset B (Figs. 9 and 10 ) in order to evaluate the weight of the three zones Z1, Z2 and Z3 in the calculation. The tessellation map implemented to show the absolute mass associated with individual polygons indicates that the three zones include a significant portion of the mass of the deposit (up to >10 6 kg) (Fig. 9a ). In particular, we have sequentially removed the points of Z1 (dataset C), Z2 (dataset D), Z3 (dataset E) and both points of Z1 and Z2 (dataset F) from dataset B (cf., Table 1 ). Results indicate that the lack of observations in all the areas can influence the calculations. In fact, TGSD from dataset C (Md ϕ = 2.9; σ ϕ = 2.4) results in an underestimation of coarse ash (− 4.6 wt%) and an overestimation of fine ash (+3.4 wt%), whereas there is no significant variation for lapilli (+1.2 wt%). TGSD from dataset D (Md ϕ = 2.7; σ ϕ = 2.5) results in a similar underestimation of coarse ash (−4.9 wt%) and larger overestimation of fine ash (+4.6 wt%), with almost no major variation in the lapilli fraction (+0.3 wt%). TGSD from dataset E (Md ϕ = 2.7; σ ϕ = 2.5) does not result in significant variation of coarse and fine ash fractions (−1.8 and +1.5 wt%, respectively), nor of the lapilli fraction (+0.8 wt%). TGSD from dataset F (Md ϕ = 3.3; σ ϕ = 2.0) is significantly different, with large underestimation of coarse ash (−10.3 wt%) and overestimation of fine ash (+8.8 wt%) and a small overestimation of the lapilli fraction (+1.5 wt%).
The possible influence of the amalgamation of products from multiple individual explosive phases (i.e. deposits from May 2 and May 8 within the same region as the May 6th event) was investigated. In order to account for possible increase of the mass load in the distal area due to amalgamation of multiple ash layers, the values of mass/area of the distal points (beyond about 150 km from vent) was reduced to 80 wt% (dataset G) and 60 wt% (dataset H). The TGSD results do not show significant variation from the TGSD obtained using dataset B (Figs. 9 and 10) , with associated Md ϕ values of 2.5ϕ and of 2.4ϕ for both datasets, and variation in the relative fractions of lapilli, coarse and fine ash <5 wt%. 
Particle number distributions
Power-law best fits of GSD-PND of distal deposits are characterized by exponents slightly higher than those associated with the proximal deposit, with an average value of 2.6 ± 0.3 (average exponent or proximal and distal deposit is 2.4 ± 2.5 and 2.7 ± 0.2, respectively) (Fig. 11a) . In addition, the TGSD-PND associated with datasets A and B, and Conv-PND (obtained through convolution of GSD-PNDs of dataset A) are characterized by very similar power-law exponents (2.9, 3.1 and 3.0 for Conv-PND and TGSD-PND of datasets A and B, respectively; Fig. 11b ). TGSD-PND of dataset B also shows a good correlation with the vesicle size distribution (VSD; Fig. 11c ).
Discussion
The long-lasting eruption of May 2008-August 2013 of Chaitén Volcano produced rhyolitic tephra that dispersed over an area of about 4 10 5 km 2 ; about 0.3 km 3 of material was erupted during the climactic event of May 6 (i.e. total volume erupted is estimated to be about 1 km 3 ; Watt et al. 2009; Alfano et al. 2011b; Bonadonna and Costa 2012) . The climactic event was characterized by a sub-Plinian sustained column that, according to a new estimation based on the distribution of the maximum lithic fragments 2 (Carey and Sparks 1986) , results in a plume height of 14 km (above sampling height, a.s.h.; between sea level and 700 m a.s.l.), which is lower than both the original estimation of 19 km a.s.h. of Alfano et al. (2011b) , and the evaluation based on remote sensing (20 km above sea level) (Carn et al. 2009 ). This lower plume height estimate is likely related to the fact that the 3.2-cm isopleth contour is associated with sedimentation from plume margins (e.g. Bonadonna et al. 2013) . In contrast, the remote sensing observation is more likely associated with the peak intensity of the eruption.
Componentry of the Chaitén 2008 eruption
Layer β, attributed to the May 6th explosion, is composed mainly of non-vesicular fragments of lithic origin (77 ± 3 wt%) associated with a minor juvenile fraction composed equally of non-vesicular obsidian fragments and pumices. As a result, the products of this explosion are almost entirely composed of non-vesicular dense products, i.e. lithic and obsidian clasts (~89 wt%). The predominance of non-vesicular fragments explains the constant particle density across grain size classes (cf. Fig. 2 ). The dominance of a relatively dense fraction throughout the May 6th deposit is supported by examination of the distal ash deposit, which is dominated by dense and sparsely vesicular clasts, inferred to correspond with the lithic fraction observed in the proximal layer β. In the proximal area, layer β is distinctive and defined by a much coarser grain size than overlapping deposits from additional eruptive phases. The fragments within this coarse population are angular and dense to sparsely vesicular, showing no significant vertical gradation. These characteristics support our interpretations that relate the eruption dynamics of the May 6th explosion to the disruption of the pre-existing rhyolitic dome (Alfano et al. 2012) , producing a relatively shortlived eruptive column (<2 h; Alfano et al. 2011b) . It is however, interesting to note that earlier phases of the distal deposit Fig. 3d ) share similar characteristics to the May 6th deposit, with highly vesicular clasts being rare throughout the distal ash samples, suggesting that a juvenile component may have been a relatively minor constituent to much of the initial and most explosive phases of the Chaitén eruption. As mentioned earlier, the new dome started growing only after May 12 (Lara 2009; Alfano et al. 2011b) , so that the non-vesicular material must belong to the previous dome.
Tephra deposits in the proximal area are characterized by poly-modal grain size distributions. Deconvolution using SFT identified the presence of a main sub-population combined with a coarser and a finer sub-population (cf., Fig. 4 ). The coarse sub-population is probably related to fallout from plume margins. In fact, a plume of about 14-20 km above the vent is associated with a corner position (transition between vertical plume and horizontal cloud) of about 5 km from vent based on the theoretical relation of Bonadonna and Phillips (2003) . Considering that our sample locations of the proximal deposit are located between 3 and 20 km from the vent, many of them (cf., Fig. 2 ) can be considered representative of the plume-margin fallout. This corresponds to the first break-in-slope observed in the thinning decay of the tephra deposit (i.e.~4 km; Alfano et al. 2011b ). The fine subpopulation represents a small fraction of the bulk sample (>10 wt%), with the exception of two samples (F23 and F24) located at the northern margin of the tephra deposit (>10 km from the vent; cf. Fig. 1) . The presence of a fine grained sub-population could be associated both with a co-PDC component (e.g. ) and with sizeselective processes, such as particle aggregation and convective instabilities (e.g. Brown et al. 2010; Carazzo and Jellinek 2013; Manzella et al. 2015; Durant 2015) . PDCs were documented but, based on the damage produced to vegetation, were considered to be characterized by low energy and small runout distances (between 0.7 and 6 km from the vent; Major et al. 2013 ). These characteristics suggest that the co-PDC ash represents a negligible or small contribution to the total tephra deposit. In contrast, the higher fraction of the fine subpopulation observed for the two samples in the northern margin of the fallout deposit (F23 and F24) and the coarse and fine ash decay trends (cf., Figs. 6 and 7) suggest that size-selective processes (e.g. aggregation) might have had a significant role in the sedimentation of the products. The decay trend of fine ash mostly follows the decay trend of coarse ash, but there is the caveat that the fine sub-population in this region is potentially the product of earlier or later eruption phases (May 2 and May 8; Fig. 3 ), making it difficult to reach unequivocal Fig. 9 ). The plot for lapilli clasts (b) includes a zoomed plot to better show the trend in the proximal area conclusions. In fact, the overall thinning trends do not show significant deviations from typical exponential trends which could be related to size-selective sedimentation processes (e.g. particle aggregation, convective instabilities). However, sizeselective sedimentation processes have already been observed to occur even without strong evidence in the deposit (as when aggregates are fragile they are typically not preserved in the deposit; (e.g. Bonadonna et al. 2002; Bonadonna et al. 2011)) and when the thinning trend is not significantly affected (e.g. Bonadonna and Phillips 2003) .
Reconstructing the TGSD of the whole deposit
Long-lasting explosive eruptions can result in complex tephra deposits that, due to the multiple explosive pulses and the wide dispersal of the products, are difficult to characterize. The May 6th sub-Plinian event represents the climactic phase of the 2008-2013 Chaitén long-lasting eruption, and, therefore, the reconstruction of the associated TGSD requires an accurate correlation between proximal and distal deposits. In addition, the proximal and the distal deposits were collected independently and present large sampling gaps (i.e. Watt et al. 2009; Alfano et al. 2011b) . The deposit associated with the climactic phase could be well characterized in proximal areas based on stratigraphic evidences (layer β of Alfano et al. 2011b) ; however, the proximal stratigraphy is not evident in distal area (beyond 120 km from vent), but could be identified based on changing wind patterns, which produced discrete lobes of deposition ). Considering that the climactic phase had the highest plumes and the largest dispersal of the whole 2008-2013 eruption, with a cloud spreading NE, we assume that it was associated with the coarsest subpopulation within the NE depositional lobe, as described by Watt et al. (2009) (c.f. Fig. 3 ). Nonetheless, we cannot exclude the possibility that additional explosive events also contributed to the sedimentation of the NE lobe, particularly in the finer sub-populations. In addition, a minor portion of the products (at fine ash grain sizes) were lost due to sedimentation into the ocean. These challenges in unambiguously and fully characterising a discrete May 6th distal deposit could introduce some errors in estimates of both erupted mass and TGSD for the May 6th deposit. Alfano et al. (2011b) carried out a sensitivity analysis on the calculation of the erupted mass, showing that small uncertainties in the (mm-scale) deposit thickness over the distal region, arising from the above issues, does not result in significant errors in volume estimates. Here, we further investigated the effect of these issues on the determination of the TGSD. Our results show that reducing the thickness of the distal May 6th deposit (beyond 150 km from vent) to 80 and 60 % of the original value does not produce significant variation in the fraction of coarse and fine ash (<5 %) in the TGSD. This is likely due to the fact that most of the mass is deposited in proximal to medial areas, and, therefore, a small variation of the distal deposit thickness does not significantly affect the determination of either erupted mass nor TGSD. We want to stress that our results do not imply that amalgamation of products of different explosive events in a tephra deposit is irrelevant, but that a critical interpretation of tephra deposits is a crucial aspect of the characterization of eruptive parameters, such as erupted mass and TGSD.
Finally, we also explored the effect of sample distribution on the determination of TGSD. The May 6th explosion was characterized by a relatively short duration (>2 h) and produced a massive deposit, without any significant vertical gradation (Alfano et al. 2011b) . Therefore, the main parameter influencing the determination of the TGSD is the areal distribution of the sample points. In particular, 22 samples and 42 samples were studied for grain size data in proximal and distal areas, respectively (cf., Figs. 1, 6 and 7). Such a sample distribution covers most of the dispersal area of the Chaitén eruption climactic (May 6th) phase, with gaps between 20 and 120 km from vent (Z1), 260 and 380 km from vent (Z2), and 580 and 760 km from vent (Z3) (cf., Figs. 5a and 9b) . Even though the Voronoi tessellation method is designed to deal with non-uniform distributions, our results show how the lack of samples in a large part of the deposit can influence the final TGSD. In fact, the Voronoi tessellation applied to the original dataset results in a bimodal distribution, in which fine ash represents the largest fraction (i.e. Md ϕ = 3.6, σ ϕ = 2.5), while the Voronoi tessellation applied to the original dataset combined with 9 synthetic points (dataset B) reduces the bimodality and shifts the distribution towards the coarse ash (i.e. Md ϕ = 2.6, σ ϕ = 2.5; cf.; Fig. 9b ). In particular, the gaps associated with the sectors Z1 and Z2 influence greatly the TGSD calculation, as they coincide with an area of inferred high accumulation of coarse ash fallout (Figs. 8 and 9a) . As a result, the presence of these two sampling gaps creates a shift of the TGSD towards the fine ash (i.e. Md ϕ = 3.2, σ ϕ = 2.0; cf., +14.4 wt%; cf., Fig. 10 ) and underestimates the coarse ash fraction (−16.2 wt%). The Voronoi strategy cannot capture this shift in fallout regime and results in a bimodal distribution, which is very likely not related to the eruption dynamics but to an artefact of the sample distribution. A similar approach was also applied for the characterization of the TGSD associated with the 2011 Cordón Caulle eruption, for which most distal data were missing . However, the TGSD of the Cordón Caulle eruption associated with the addition of distal synthetic data did not result in significant difference from the original dataset. These results mirror the results obtained calculating the TGSD using dataset E. The GSD that can be observed at the margins of the distal region is probably nearly constant, and therefore fewer datapoints can be enough for a reliable TGSD computation. On the other hand, in the medial/distal region, where the GSD can present greater variations, the presence of sampling gaps can be critical and compromise the calculation of the TGSD. Based on these results, we suspect that the previously published TGSDs (i.e. 5ϕ > Mdϕ > 3ϕ; Watt et al. 2009; Osores et al. 2013 ) result in the underestimation of the coarse ash fraction as a result of the use of an incomplete dataset, lack of proximal data and with sampling gaps, and the possible inclusion, however not in large proportion, of fine ash originated from other eruptive events (i.e. May 2 and May 8; cf., Fig. 3 ).
Insights into fragmentation process from grain size observations
TGSD results (i.e. dataset B in Fig. 8b) show that the May 6, 2008 Chaitén explosion was characterized by the generation of a large amount of ash (d < 2 mm), representing 98 wt% of the products, mainly falling in the size range of the coarse ash (2 mm > d >63 μm; 77 wt%). The associated TGSD-PND is characterized by a power-law exponent (3.0), falling in the lower end of the range typically described for fallout deposits (i.e. 3.0-3.7; Kaminski and Jaupart 1998). The PND trends are concave downwards (cf., Fig. 11 ), which is typically observed in many PND (Kaminski and Jaupart 1998; Rust and Cashman 2011; Costa et al. 2016) . The significance of this trend has been related to the possible underestimation of values at the extremes of the distribution. However, the goodness of fitting (R 2 = 0.99) indicates that the concavity observed in our result is statistically not significant. In fact, the log-log plot used to study these distributions smoothes possible complexities that are evident in the GSD plots (cf., Figs. 3d and 4). As a result, PND is not a suitable tool to characterize the complexity of the fragmentation process as a whole (e.g. bimodality), yet is a very effective tool to compare different eruptions and to characterize the energy involved in the explosive process based on power-law functions (Kueppers et al. 2006a, b; Perugini and Kueppers 2012) .
TGSD-PND also follows the VSD trend (cf., Fig. 11c ), suggesting a relationship between grain size and vesicularity (Rust and Cashman 2011) . However, most of the products are the result of the fragmentation of non-vesicular material (89 %), mainly from the pre-existing wall and dome rocks. The textural analyses carried out on pumice samples describe the vesicularity of the juvenile products as characterized by a unimodal distribution with mode falling between 0.05 and 0.13 mm (Alfano et al. 2012) . TGSD is characterized by Md ϕ values equal to 0.16 mm (cf., 2.6ϕ), which is slightly coarser than the modal range identified for the vesicles. , R 2 = 0.99), obtained by convoluting the GSD-PND trends; c) cumulative log-log plot comparing TGSD-PND associated with dataset B together with the VSD (regression line: y = 6.0 10 5 x −3.1 , R 2 = 0.98) estimated for the pumice samples (Alfano et al. 2012) . The vertical axis indicates the number of particles, referred to TGSD-PND, and the number of vesicles, referred to the VSD Generally, a bubble-driven ash-generation process produces clasts that are roughly of the same range of dimensions as the vesicles (Rust and Cashman 2011; Genareau et al. 2012 Genareau et al. , 2013 . This consideration suggests that vesicularity had only a secondary role in magma fragmentation, limited to the minor vesicular juvenile fraction, and might have been responsible for the production of most of the fine ash fraction.
However, if vesiculation is not the main factor driving the energy of the sub-Plinian May 6th event, this raises the question of what drove the violent and efficient fragmentation in the May 6th explosion, given the large proportion of ash generated in the event. Previous studies on rhyolitic eruptions (e.g. Chaitén and Cordón Caulle) have demonstrated that despite the high silica content, rhyolitic magmas can have lower viscosity than expected. In fact, a rhyolitic magma stored in a shallow magmatic chamber can maintain near-liquidus hydrous conditions (Castro and Dingwell 2009; Castro et al. 2013; Jay et al. 2014) , and the viscosity can be low enough to allow for a fast ascent through the crust (Wicks et al. 2011 ). The Chaitén eruption was characterized by an apparently very rapid onset, favoured by the low viscosity of the rhyolitic magma, that could rise rapidly and drive fracturing of the confining wall rock/preexisting lava dome (Castro and Dingwell 2009; Wicks et al. 2011) . In these conditions, magma was likely characterized by a high shear rate that associated with a high decompression rate (~10 MPa/s; Alfano et al. 2012) , and this could have acted as the main factor driving the violent fragmentation of the magma and the pre-existing dome. The dominance of coarse ash in the TGSD and the relatively low exponent of the PND trend suggest that fragmentation was relatively less efficient than other explosive eruptions that may perhaps be more dominantly driven by vesiculation. Yet, the production of a 15-20-km subPlinian column suggests that high shear and decompression rate may still produce sufficient energy and ash content to produce a highly explosive, buoyant eruption column, even if that material involved is dominated by non-juvenile material. Based on our result and on previous work, we suggest that a better understanding of the link between fragmentation dynamics, ash production, explosive energy, proportion of juvenile products and the associated TGSD is required. fraction of the deposit), the addition of synthetic data located in critical areas appears to improve the TGSD estimate. 6. Our best estimate of TGSD for the climactic phase of the Chaitén 2008-20013 eruption based on the addition of critical synthetic points is unimodal and characterized by Md ϕ = 2.6 and σ ϕ = 2.5 (dataset B). When synthetic data are not considered (dataset A), TGSD shows a pronounced bimodality and a smaller fraction of coarse ash (Md ϕ = 3.6 and σ ϕ = 2.2). In particular, the area from 50 to 350 km from the vent (zones Z1 and Z2) proved critical in the case of TGSD determination for the climactic phase of the Chaitén 2008-2013 eruption. Sensitivity tests also indicate that the stability of results can be reached with a small number of added synthetic data (i.e. 3-5 points per each zone, 1 every 20-45 km, for the case of the Chaitén eruption). 7. Due to the majority of products being sedimented in proximal area, the estimation of both erupted mass and TGSD of the climactic phase of this long-lasting eruption is not strongly affected by the possible contribution of smaller explosive events to the distal cumulative tephra deposit, which are often difficult to correlate stratigraphically. The variation of TGSD associated with a reduction of the thickness of the distal deposit (beyond 150 km from vent) to 80 and 60 % of the original value results in a relatively small variation in the fraction of coarse and fine ash (<5 wt%). Alfano et al. (2011b) had already shown that a reduction of the distal thickness only resulted in the reduction of <5 wt% of erupted mass.
Three large gaps in the data sampling were identified within the tephra deposit of the May 6, 2008 Chaitén eruption (Z1: 20-140 km from the vent; Z2: 260-380 km from the vent; Z3: 570-770 km from the vent; Fig. 9a of main text). Synthetic points were estimated in order to cover the lack of data in these three areas. The points were chosen along the dispersal axis and equally spaced. In order to assess the number of synthetic points required to obtain a stable TGSD, the calculation was carried out considering 3 points (dataset B 1 ; 1 point per zone), 9 points (dataset B 2 ; 3 points per zone) and 15 points (dataset B 3 ; 5 points per zone), respectively (Table 2) . Dataset B 1 includes the synthetic points located in the middle of the zones (i.e. 80, 320 and 670 km from the vent for the areas Z1, Z2 and Z3, respectively). Dataset B 2 includes the points located at 50, 80 and 110 km from the vent for Z1; 290, 320 and 650 km from the vent for Z2; 625, 670 and 715 km from the vent for Z3. Dataset B 3 includes the points located at 40, 60, 80, 100 and 120 km from the vent for Z1; 280, 300, 320, 340 and 360 km from the vent for Z2; 610, 640, 670, 700 and 730 km from the vent for Z3 ( Table 2 ). The Md ϕ and the mass load of lapilli (X l ), coarse ash (X c ) and fine ash (X f ) for each of these points were estimated based on the dispersal maps of Figs. 6 and 7, and using the decay-trend plots of Fig. 8 of the main text. According to the observed decay trends, no lapilli particles sedimented in these areas (Fig. 8b) . Based on the extrapolated grain size parameters, a synthetic GSD for each point was determined. A normal distribution was calculated based on the Md ϕ value for each point and using a sorting determined as the average of the values observed through the deposit (i.e. 0.4). The GSDs were then corrected for the extrapolated fraction of coarse and fine ash. The resulting GSD are shown in Fig. 12 .
The GSD of the synthetic points were then used to extend the original dataset (dataset A in Fig. 9b) . Results of the TGSD associated with these three datasets are shown in Fig. 13 . The difference of TGSD obtained using datasets B 2 and B 3 is small, whereas dataset B 1 gives a TGSD skewed towards the coarse size fraction. We conclude that three points per zone are representative for the data gap of the climactic phase of the 2008-2013 Chaitén eruption and are sufficient to generate stable TGSD results. 
